analyzed. This analysis found that genes whose products are highly connected, esses and e evolution than other gene products. The extended complexity hypothesis suggests that both the mode and the rate of evolution of a protein are influenced by its gene ontology (localization, biological process and molecular function) and by its connectivity.
Introduction
lt task, but hat the rate of evolution 001), and negatively with its expression level (Pal, Papp, and Hurst 2001) or with its number of interacting partners (Fraser et al. 2002; Wuchty, Oltvai, and Barabasi 2003) . However, for n is 03). Besides, these ortant role of a es of evolution, which do not distinguish mutation rates from fixation probabilities. By focusing exclusively on the pace of molecular evolution, most studies so far overlook some possibly more biologically relevant aspects such as the mode of evolution, that is whether natural selection discriminates against amino acid changes (purifying selection), is indifferent to
The idea of a correlation between rates, mode of evolution, function and the number of interactions (connectivity) with other proteins is actually reminiscent of the complexity hypothesis (Jain, Rivera, and Lake 1999) , originally proposed to explain why the horizontal transfer of a gene appears all the more improbable if the connectivity of the protein it encodes is large. Here we extend the complexity hypothesis from horizontal gene transfer to modes and rates of molecular evolution, and primarily propose that adaptive evolution at the molecular level is least likely for proteins with high complexity. To evaluate this new Finding the determinants of a protein's rate of evolution has proven a difficu recent evidence from the yeast Saccharomyces cerevisiae suggests t of a protein correlates positively with dispensability (Hirsh and Fraser 2 intensely studied model systems like yeasts and bacteria, this latter correlatio contentious (Fraser, Wall, and Hirsh 2003; Jordan, Wolf, and Koonin 20 recent studies on the determinants of rates of evolution often neglect the imp protein's function (Kimura 1983 ) and use approximate measures of rat them (neutral evolution) or favors them (adaptive evolution). can bring together disparate results about the evolution of protein interaction networks, the functioning of bioinformatics tools and the concept of "speciation genes."
METHODS

The data
The Pandit database of Proteins and Associated Nucleotide Domains with Inferred Trees (Whelan, de Bakker, and Goldman 2003) version 6.2 was obtained from http://www.ebi.ac.uk/goldman-srv/pandit/. The database contains 2,730 families and protein domains with nucleotide sequences, corresponding to the manually curated Pfam-A diverse set of species. We show that genes whose products are involved in co functions such as transcription, translation and related processes are signifi to undergo adaptive evolution than most housekeeping genes. The pro further assessed by evaluating two specific consequences. First, we show t interaction networks. The proposed hypothesis is called the "extended com hypothesis". Here, the "complexity" of a protein refers to both its high conn specific set of terms from the Gene Ontology database, which classifies prote according to their function, but also to their localization and to the biologica (Bateman et al. 2002) . The Pandit database also contains estimated tree topologies, inferred by neighbor joining (Saitou and Nei 1987) with maximum likelihood (ML) estimates of pairwise distances obtained under the WAG + F model of amino acid r and accuracy of the likelihood methods used below to detect adaptive evolution. Datasets that contained two or fewer sequences or less than twenty aligned codons were discarded. Datasets were also discarded if the product of the number of sequences and the number of codons was less e remaining 2,589 datasets contained an average of 17 sequences and 773
Evidence for adaptive evolution is usually indicated by a ratio of amino acid replacement changes / amino acid silent changes > 1, i.e. ω > 1 (Yang and Bielawski 2000) . Likelihood ratio tests (LRTs) and empirical Bayes techniques were used to detect families with codon positions under adaptive evolution, equivalently called positive or diversifying selection in the context of these models (Yang and Bielawski 2000) . The null model assumed that the parameter ω follows a beta distribution (M7 of . Because the beta consists of gene families and protein domains inferred using hidden Mark 1998). As a result, each dataset can contain clusters of both orthologo sequences that can have different functions. These sequences are sampled fr organisms covering a large taxonomic range, and match 69% of proteins in S evolution (Whelan and Goldman 2001) .
Entries from the Pandit database were filtered in order to increase powe than 150. Th aligned nucleotides. Evidence for adaptive evolution in a family or protein domain was deemed sufficient when two conditions were met. First, the LRT comparing M7 vs. M8 had to be significant ω > 1 (Nielsen ne actual site had to be identified to be have a posterior ML computations were performed using PAML (Yang 1997 ) version 3.13 (August checked by running d ω = 2). When results from the two runs of the same codon model differed, the analysis with the largest log-likelihood was kept, in accordance with the ML criterion. In addition, under each model, families for which convergence was dubious (LRT statistic ≤ 0) were discarded.
Data analyses
Gene ontology and tests of functional genomic hypotheses
Gene ontologies (GOs) represent a controlled vocabulary (ontology) applicable to all organisms. These GOs correspond to gene annotations that are both unequivocal and consistent across databases. The GO database (Harris et al. 2004 ) used here has a alternative model allowed adaptive evolution by adding to the previou class where ω can be > 1 (M8 of . These two nested mo compared by means of a LRT, where the negative of twice the log-likeliho between M7 and M8 was compared with the χ 2 distribution with two degre at the 1% level with a non-zero frequency of codon sites with an estimated and Yang 1998; . Second, at least o under positive selection by an empirical Bayes analysis. This site had to probability to be in the ω > 1 category ≥ .95 (e.g., Yang, 2002 
Results
Extent of adaptive evolution
likelihood ratio test significant at the 1% level (1,162 datasets at the 5% at the .1% level), of which 93 had an ω rate ratio > 1 (159 datasets at the 5% datasets at the .1% level). The empirical Bayes analysis reduced this numbe or genes involved in complex functions appeared to be the most conserved. One reasonable and testable explanation is that the products of these genes form networks of coadapted and highly integrated proteins, wherein adaptive evolution is constrained by the number of interacting partners or connectivity of a protein.
adaptive evolution is GO specific. For instance, viral components, which r targets for adaptive evolution, were identified as such. More generally, where evidence for positive selection is overrepresented are restricted to com located on the periphery of the cell. A similar distribution o biological processes (Table 1b) and of molecular functions (Table 1c) .
positive selection is underrepresented is also very specific. Conserved cel are mostly internal to the cell (intracellular, inner membrane, plasma membrane), involve families and protein domains whose products have an information
Taken together, these results demonstarte that the gene ontology of a pro correlated with its ability to undergo adaptive evolution. In particular, in at form at least one roup and the PS group form on average the same number of structural complexes ( Fig. 2A , P = .4817).
However, as predicted by the extended complexity hypothesis, connectivity in the PS -group was significantly larger than that in the PS + group (Fig. 2B , P = .0045). Connectivity may therefore affect the mode of evolution of a protein by limiting its propensity to undergo adaptive evolution. (initial values set to ω = .5 and ω = 2). At each connectivity level, the estimated ω rate ratios were averaged. Fig. 3 shows these means plotted against connectivity. Although a % of the P was sampled datasets at these connectivity levels did not affect the regression line (Fig. 3 , dotted line) and was still significant at the 5% level (P = .0127). While these results should be taken carefully (as the analysis above did not take into account estimation errors about ω), they suggest that the aints and connectivity could also reflect the action of translational selection, i.e. the action of selection to optimize the speed and accuracy of translation. Under this type of selection, highly expressed genes are expected to present strong codon usage biases, which has been documented for many prokaryotes and for a number of eukaryotes (Akashi 2001). Such a correlation was found here (Pearson's coefficient corr CAI,GC3 = .4124) and was highly significant (t 2435 = 23.02, P < 0.0001). Besides, it is also known that highly expressed genes
To explore this possibility, we first estimated the ω rate ratio for each datas estimation was based on the one-ratio model (Goldman and Yang 1994 ; Ya where the ω rate ratio is taken as an average over both codon sites and line convergence of the optimization procedures was checked by running eac robust MM regression (Yohai 1987 roposed to explain why housekeeping genes appear more likely to be horizontally transferred than informational genes. In this context, the authors hypothesized that the complexity of the protein interaction networks formed by informational gene products limits the likelihood of the transfer of these genes relative to that of housekeeping genes.
tion can be found mostly in certain GO contexts (cellular components, biological processes and molecular functions) associated with a significantly small connectivity. More specifically, evidence for the existence of at least a site under adaptive evolution was found principally for gene products with membrane or extracellular localizations, mostly involved in pathogenesis, belonging to different aspects of cell communication or to viral life cycles.
Alternatively, the most conserved proteins were found to have the highest connectivity, and connectivity and rate of evolution (Fig. 3) , expression levels are exp positively with connectivity if the hypothesis of translational selection. Pear correlation coefficient was found to be low (corr CAI,ω = .0642), but highly = 3.1748, P = 0.0015). However, while Pal, Papp, and Hurs result of tran
Discussion
The extended complexity hypothesis
The complexity hypothesis (Jain, Rivera, and Lake 1999) was originally p
We proposed here to extend this concept to explain some of the determinants of the mode of evolution of proteins. We showed that evidence for adaptive evolu 
ution
Previous studies suggested that rates of evolution are correlated with a protein's essentiality and its fitness effect (Hirsh and Fraser 2001) . Under the assumption that protein evolution is largely due to slightly deleterious amino acid substitutions (Ohta 2003) , rates of evolution are expected to be lower in genes with the largest individual fitness contributions (but see Pal, Papp, and Hurst 2003) . One prediction of the extended complexity hypothesis is that genes with the largest individual fitness contributions are those whose products are highly connected in interaction networks. This prediction was shown to hold for S. selection may play an important role depending on the localization, process which the constituents of a network are involved.
testable and are discussed below. The extended complexity hy and link disparate results for which a common ground may not be obvious ot
First implications: Determinants of a protein's rate of evol
cerevisiae (Jeong et al. 2001; Fraser et al. 2002) , and the present results suggest it can be s contained in Pfam, that is to a number of with connectivity (Fig. 3) . This result complements that presented for S. cerevisiae (Wuchty, Oltvai, and Barabasi 2003) where the authors showed that proteins forming complex interaction networks tend to be more conserved than those forming simpler abasi 2003) lution, the level, which account for gene-specific mutation rates. However, while adaptive evolution did not appear to be influenced by expression levels, connectivity and expression levels were found to be significantly correlated, so that it may be difficult to disentangle the effects of connectivity nfounding effect of translational selection would question a large body of evidence favoring a direct relationship between connectivity and rates of molecular evolution (see references above), future studies should not overlook the potential effects of translational selection.
Other implications: Interaction networks, bioinformatics and speciation genes
The extended complexity hypothesis also has some implications with respect to the evolution of interaction networks. For instance in S. cerevisiae, the connectivity of proteins in metabolic networks is found to follow a power-law distribution (Jeong et al. 2000) . This extended to the larger number of organism viruses, bacteria, higher plants, fungi and animals.
We also showed that the rate of protein evolution is significantly negatively correlated
networks. Yet, unlike this aforementioned study (Wuchty, Oltvai, and Bar which used the degree of conservation of proteins as a proxy for rates of evo results presented here are in terms of rates of evolution at the codon (DNA) and of translational selection on rates of evolution. Although the co icult to annotate for y are more difficult to "Blast" (Altschul et al. 1990 ). Second, as they are coding for proteins with small connectivity, the strategy outlined above cannot be used. This consequence is partly confirmed by a recent study which found that proteins of "unknown" function in the Table 1a . GO terms at the cellular component level for which families and pr underrepresented (underlined boldface) or overrepresented (boldface) G terms t ning < 5 families are italicize at the 5% ( ), 1% Table 1c . GO terms at the molecular function level for which families a n underrepresented (underlined boldface) or overrepresented (boldface). GO terms containing < 5 families are italicize 
